There are very few experimental studies identifying hydrological pathways within rain forest slopes. Such knowledge is, however, necessary to understand why forest disturbance affects rainfall-riverflow response and nutrient migration. This study examines flow pathways within lowland rain forest slopes comprising Udults of the Ultisol soil order. Experimentation was conducted on four SE Asian hillslope units (each 5 × × × × × 5 m in plan) in the Bukit Timah catchment (Singapore Island), and in the W8S5 catchment (Sabah, Borneo Island). The flow pathways were identified by artificial tracer experiments. We evaluated how well hydrometric calculations based on tensiometry and permeametry measurements predicted the tracer patterns.
Bukit Timah catchment, Singapore Island
The study catchment (1°21′ N and 103°46′ E) on Singapore Island is small (0·05 km 2 ), is located on the northwestern slopes of Bukit Timah hill, and ranges in altitude from 90 to 164 m. It is called the 'Jungle Falls catchment' by Sherlock et al. (1995) and Sherlock (1997) , but is referred to simply as the 'Bukit Timah catchment' in this paper. Slopes are typically gentle (<10°) in the hillslope crest zones, becoming very steep (>20°) close to the channel-heads. In Singapore, rainfall is typically delivered during localized convective storms. Hourly rainfall intensities generally range between 20 and 50 mm h −1 , while short-term intensities can exceed 100 mm h −1 (Sherlock, 1997) . The catchment lies within the Bukit Timah Nature Reserve (BTNR) that covers an area of 0·81 km 2 , and comprises a remnant of Singapore's original climax vegetation, lowland dipterocarp forest. The Udult of Bukit Timah is derived from an underlying granite geology of the Bukit Timah Granite Formation (Rahman, 1992) . The profile characteristics of this soil as derived by Sherlock (1997) are summarized in Table II . The Bukit Timah soil has a base saturation of 7 per cent and cation exchange capacity of 4·9 cmol(+) kg −1 in the Bt horizon, and 28 per cent clay in the A horizon and 43 per cent clay within the Bt horizon (Rahman, 1992) . Some 80 per cent of the clay minerals in the Bt horizon are kaolinite (Rahman, 1992) .
W8S5 catchment, Borneo Island
The study catchment (5°01′ N and 117°48·75′ E) on Borneo Island is 1·7 km 2 in area and ranges in altitude from 150 to 300 m. The catchment lies 1 km west of the Danum Valley Field Centre (DVFC) within the East Malaysian State of Sabah. Slopes are often gentle (10°) adjacent to the stream channel, and become very steep (>25°) towards the hillslope crest zones. Down-cutting of the stream channel has, however, resulted in the formation of almost vertical soil walls along localized stretches of the upper channel margins. Locally around the experimental site, slopes range 60-100 Bright reddish brown (2·5YR 5/8) clay loam with many bright reddish brown (2·5YR 5/8), dull yellow orange (10YR 6/4) and greyish yellow brown (10YR 4/2) gravel fragments; strong blocky structure; moist; few roots.
from gentle (<10°) to steep (>20°). Rainfall received by the W8S5 catchment is typically delivered during localized convective storms, lasting for less than 15 min and having intensities of less than 10 mm h −1 equivalent, when sampled at 5 min intervals (Chappell et al., 2001; Bidin, 2001) . Large storms do, however, produce intensities in excess of 100 mm h −1 equivalent, again sampled at 5 min intervals (Bidin, 2001) . The W8S5 catchment lies towards the eastern margin of the 348 km 2 area of protected forest called the Danum Valley Conservation Area. The catchment is also covered by lowland dipterocarp forest. The catchment's Udult is derived from a geology locally dominated by sandstones but also including mudstone, tuff and chert that constitute the Miocene Kuamut Formation (Leong, 1974; Clennell, 1996; Chappell et al., 1999b) . The characteristics of this soil (Sherlock, 1997) are also summarised in Table 2 . The W8S5 soil has a base saturation of 13·7 per cent and cation exchange capacity of 58 cmol(+) kg −1 clay in the Bt horizon, and 15·5 per cent clay in the A horizon and 20·0 per cent clay within the Bt horizon (Chappell et al., 1999b) . Approximately one third of the crystalline silicate clays are as kaolinite-smectite, one third as 2:1 illite, and one third as 2:1 vermiuculite (Chappell et al., 1999b) . Unstable or expansive clays have been found within the area (Chappell et al., 1999b) .
Field Methodology
Some recent studies have highlighted the uncertainties associated with calculating waterflow within hillslopes using data from tensiometry and permeametry (e.g. Sherlock et al., 1995 Sherlock et al., , 2000 . Other research has questioned the accuracy of the Darcy-Richards approach, particularly where natural soil pipes are present, when flow estimates derived from soil-water calculations have not matched measurements of throughflow or streamflow generation (e.g. Sloan et al., 1983; Tanaka et al., 1998; Koide and Wheater, 1991) . Despite this, few alternative theories for the prediction of subsurface flow from internal hillslope characteristics are available. Notable exceptions are those approaches using soil moisture content dynamics (e.g. Mdaghri Alaoui et al., 1997) , but these have not been evaluated widely. Hillslope studies utilizing tensiometry and permeametry continue to be used in the tropics (Noguchi et al., 1997; Dykes and Thornes, 2000) , and indeed elsewhere (McGlynn et al., 2002; Uchida et al., 2002) , and many physics-based catchment models continue to use the results of hillslope studies to evaluate their internal dynamics (e.g. Anderton et al., 2002) . This study aims to use tensiometry and permeametry in the estimation of subsurface flow routes and magnitudes. These estimates are, however, evaluated against direct measurements of the relative magnitude and direction of soilwater flow monitored with the use of artificial water tracers. Very few tropical studies have used artificial soil-water tracers (notable exceptions include Bonell et al., 1984; Cabellero et al., 2002; Reichenberger et al., 2002) , and even fewer have compared hydrometric predictions against observed tracer paths (Sherlock et al., 1995; Sherlock, 1997) .
In this study, hydrometric and artificial tracer approaches were used to attempt to identify dominant flow pathways within several study plots in the Bukit Timah and W8S5 micro-catchments. Each study plot was divided into two subplots: one sub-plot comprised arrays of vacuum samplers for water tracing experiments and the other sub-plot was instrumented with arrays of mercury manometer tensiometers ( Figure 2 ). Two plots were instrumented in the Bukit Timah catchment and four plots in the W8S5 catchment (Sherlock, 1997) . Within this paper, the results from the 15°a nd 27° sloping plots in the Bukit Timah catchment and the 21° and 23·5° sloping plots in the W8S5 catchment are presented in Figure 1 . The storms used to advance the tracer into the soil had rainfall totals of 14·6 mm, 25·0 mm, 18 mm and 0·8 mm for the 15°, 27°, 21° and 23·5° plots, respectively.
Hydrometric measurement and predictions
The study plots were instrumented with five nests of mercury manometer tensiometers. Each nest comprised of five tensiomenters installed to depths of 10, 30, 50, 70 and 90 cm, and were fitted with 0·5 bar, high-flow ceramic tips (Soil Moisture Equipment Corporation, Santa Barbara, USA) to increase the response times. The 27° and 15° Bukit Timah plots were monitored for one and eight months, respectively, and the 23·5° and 21° W8S5 plots were monitored for one and four months, respectively. Over selected rain events, the tensiometers were read at up to 5 min intervals, in order to capture rapid changes in capillary potential during intense rainfall. Once monitoring of each study plot had ceased, a series of saturated hydraulic conductivity or permeability (K sat ) measurements was undertaken within both micro-catchments. In both catchments, K sat was measured at various depths using a ring permeameter (Chappell and Ternan, 1997) . This technique was evaluated in Sherlock et al. (2000) by comparing the K sat data with that obtained from a Guelph permeameter (Reynolds et al., 1983) . To calculate the flow vectors, hydraulic conductivity functions (K) were derived by matching the K sat data to depth-specific relative hydraulic conductivity curves (K r ) derived from Millington and Quirk (1960) analysis of moisture release curves (Sherlock et al., 2000) . A total of five cores were collected and moisture release curves derived for the Bukit Timah soil, and a further 22 for the W8S5 soils (Sherlock, 1997) . Hydraulic gradients were calculated from tensiometer data, and combined with the hydraulic conductivity data to estimate specific flux magnitude in the downslope and vertical planes. Using the approach of Harr (1977) , flow vectors were calculated for each time-step of tensiometer measurement.
Artificial water tracer tests
A water tracing experiment was conducted within half of each study plot (Figure 2) . A pulse of chemically conservative sodium chloride (NaCl) solution was sprayed over a 1 × 5 m area of the upslope sampling array (Figure 2 ), using a line source injection apparatus (Sherlock, 1997) . Flow regulators were set such that 160 litres of NaCl solution was delivered in 15 min. This delivery rate over a 5 m 2 area is equivalent to a depth of 32 mm rainfall in 15 min (128 mm h −1 rainfall intensity equivalent). This intensity of tracer addition is not atypical for the intensity of large rain-storms at Bukit Timah (Sherlock, 1997) or W8S5 (Bidin, 2001) . Tracer injection at both study plots commenced approximately 5 min following the onset of rainfall events selected to minimize the artificial circumstances of typical tracer tests. Indeed, this may be the first study conducted in the humid tropics where natural storms are used to advance tracer through the soil profile. The high tracer input concentration used (36 507 mg l −1 NaCl) was deemed necessary given the potential for dilution by event rainfall or pre-event soil water.
Tracer migration through the soil matrix was monitored using nests of vacuum samplers at all sites (Sherlock, 1997) . The vacuum samplers were fitted with 0·5 bar, high-flow ceramics (Soil Moisture Equipment Corporation, Santa Barbara, USA) as with the tensiometers. Within both catchments, these were installed at depths of 10, 30, 50 and 70 cm, corresponding to the A, B 1 , B 2 and B 3 soil horizons (Table II) , in arrays spaced downslope at 1 m internals (Figure 2) . Data from the upslope two or three instrument arrays are presented in this paper, though all vacuum samplers in each study plot were routinely sampled. The vacuum sampler solutions were extracted daily, except when soils were too dry for sample collection.
Flow Pathways Interpreted
The evidence used to interpret water pathways within the two soils comes from: (i) direct observations of artificial tracer migration (the actual pathway of the water); (ii) the magnitude of the saturated and unsaturated hydraulic conductivity (shown by modelling to have a significant impact on waterflow magnitude and direction; e.g. Zaslavski and Sinai, 1981) ; and (iii) flow-nets estimated from hydrometric data comprising tensiometer and hydraulic conductivity measurements. in the 27° plot (Table III) . Within the 27° plot, the initial breakthrough of tracer at 50 cm depth (B 2 horizon) occurred after only 2 h 13 min (Figure 3bA ) giving an initial breakthrough velocity (V INITIAL ) of 225·5 mm h −1
. The time of arrival of the tracer peak (V PEAK ) at this point equates with a velocity of 228 mm h −1 (Table III) . Such a rapid response may have resulted from water migrating to depth within 'natural soil pipes'. Significant lateral tracer movement was not observed 1 m downslope of the NaCl source by the vacuum samplers, with no breakthroughs in the 15° plot ( Figure 3aB ) and only very small responses observed 1 m downslope in the A, B 2 and B 3 horizons of the 27° plot ( Figure 3bB ; Table III ). Thus, even on the very steep slopes (27°) in this catchment, tracer inputs at the soil surface followed a predominantly vertical flow pathway to at least 0·7 m depth (Figure 3a,b ; Sherlock et al., 1995; Sherlock, 1997) .
Within the upslope array of the samplers in the Bukit Timah plots (Figure 3aA, 3bA) , breakthrough curves peaked during the monitoring period in all horizons except one. Within the 15° plot, the most damped tracer response was in the B 2 horizon (50 cm depth), while within the 27° plot it was the B 3 horizon (70 cm). This observation might be explained by these two samplers abstracting water from soil in poor contact with the active pipes responsible for the depth) was approximately four-fold greater than that at W8S5 (Figure 6 ). In the Bukit Timah catchment, the combined permeability of the litter layer and organic A horizon was very high though within the range of published studies for other tropical regions (cf. Bonell et al., 1983; Chappell and Ternan, 1992) . These findings are consistent with the observed greater rate of vertical migration of tracer to depth (70 cm) below the injectors in the Bukit Timah soil (Table III) compared to the W8S5 soil (Table IV) .
The K sat at each depth can be crudely compared with rainfall intensities to assess the likelihood of infiltration-excess overland flow or perched saturation. As the litter layer and topsoil of the Bukit Timah catchment has a K sat of 2510 mm h −1 (Figure 5 ), then peak rainfall intensities of 100 mm h −1 (over 10 min) should infiltrate readily. Such rainfall intensities would percolate through the B 1 and B 2 soil horizons where the minimum K sat is 143 mm h −1 . Similarly, infiltration and subsequent percolation into the W8S5 soil should not be impeded by its 539 mm h −1 topsoil permeability or by that in the B 1 and B 2 soil horizons (min. K sat is 103 mm h −1 ). Within the W8S5 soil, percolation into the B 3 horizon could be impeded as the permeability has reduced to 28 mm h −1 and reduces further to 0·37 mm h −1 by a depth of 1·0 m ( Figure 5 ).
The hydraulic conductivity functions for the different horizons (derived from the Millington and Quirk analysis of moisture release curves: Sherlock et al., 2000) of the Bukit Timah and W8S5 soils are presented in Figure 6a ,b. During wet conditions (<200 cm water suction or negative capillary potential), the rate of decline of the hydraulic Table II ) in centimetres per hour.
conductivity function in the Bukit Timah soils is much less than that for the W8S5 soils. This means that at 100 cm suction the Bukit Timah soil profile is between 0·5 and 2 orders of magnitude (depending on horizon) more conductive than the W8S5 soils (Figure 6a,b) . Thus the differences between Bukit Timah and W8S5 seen within the K sat data are even larger within the unsaturated hydraulic conductivity values. This is again consistent with the observed greater rate of vertical migration of tracer to depth (70 cm) below the injectors in the Bukit Timah soil (Table III) compared to the W8S5 soil (Table IV) . However, these hydraulic conductivity differences (Figure 6a ,b) are much larger than the differences seen in the timing of the tracer peaks at depth below the injectors (Tables III and IV) .
Flow-net comparison with tracer evidence
The flow-nets calculated from the hydraulic conductivity functions and capillary potential data are given in Figures 7 and 8 for the example Bukit Timah storms and Figures 9 and 10 for the example W8S5 storms. Other storm-based flow-nets are given in Sherlock (1997) and Sherlock et al. (1995) . It is clear from these flow-nets that the magnitude of the calculated waterflow (shown by arrow size) is much greater during the example storms in Bukit Timah than in W8S5. This is strongly related to the differences in the slopes of the hydraulic conductivity functions and is consistent with the data on the rate of vertical travel of the tracer directly below the injectors which show that Bukit Timah soils have greater water velocities. Again, the relative difference in the water flow velocities predicted by the flow-net is much larger than those seen in the tracer data (i.e. V PEAK : Tables III and IV) . The critical discrepancy between the subsurface flows estimated by the hydrometric methods and those of tracer migration relates to the dominant direction of the water movement. Within the Bukit Timah soils, the downslope component of flow (i.e. flow parallel to the ground surface) was predicted by the flow-net analyses to be as large as the vertical component of flow at many locations (Figures 7 and 8 ), yet no significant tracer concentrations were seen at locations downslope of the tracer injections (Figure 3a,b) . At W8S5, where significant downslope tracer migration was observed (Figure 4a,b) , most of the flow vectors in the flow-net show predominantly vertical flow (Figures 9 and  10) . The same results were seen within the other replicated plots (Sherlock, 1997) . Thus the calculated directions of water movement, using flow-nets based on hydrometric data, are largely inconsistent with the observed tracer migration in these two contrasting catchment sites. Thus the interpretations of the water pathways from our hydrometric data (i.e. combined tensiometer and hydraulic conductivity readings) are subject to considerable error. Uncertainty in the patterns and magnitude of shallow subsurface flow may, therefore, be larger than errors associated with measurements of soil water potential and permeability seen in other studies (e.g. Sherlock et al., 2000) . lateral flow (see figure 4 in Elsenbeer, 2001 ) is inconsistent with our findings from Bukit Timah, which show a 90:10 split of vertical to lateral tracer flow (Table III; Sherlock, 1997, p. 263) . Furthermore, examining the K sat data for the soils in the W8S5 catchment and surroundings (data taken from Chappell et al., 1998 ), Elsenbeer (2001 suggests that these soils are actually intergrades between the Acrisol and Ferralsol groups, and should have a 70:30 split of vertical to lateral flow. Our tracer measurements in the W8S5 catchment do, however, show a 15:85 split of vertical to lateral flow in the A, B 1 and B 3 soil horizons (table 9.6 in Sherlock, 1997) . Additionally, the W8S5 soils are specifically Haplic Alisols (Chappell et al., 1999b) . According to Driessen and Dudal (1991) such Alisols, rather than being 'intergrades', are likely to be hydraulically more dissimilar to Ferralsols than soils of the (post-1990) Acrisol class.
Nature and role of soil piping in the A to B 3 horizons
The relative difference in the magnitude of the tracer migration between Bukit Timah and W8S5 (Tables III and IV) was poorly predicted by the hydraulic conductivity data (Figures 5 and 6 ). The dominant direction of tracer migration, particularly in the W8S5 soils, was similarly poorly estimated by the flow-net calculations based on the hydraulic conductivity and capillary potential data (Figures 7-10) . If the errors in the point measurements using the ring permeameter and high-flow tensiometers are correctly quantified at −11 per cent and 5 per cent, respectively (Chappell and Ternan, 1997; Sherlock et al., 2000) , then these errors only partially explain the discrepancies seen between the actual tracer migration and estimates based on hydrometric measurements. Perhaps point measurements themselves poorly characterize the effective behaviour of larger volumes of soil. This can be the case where 'natural soil pipes' are present within soils. These features are continuous tunnels cut by water or fauna that allow percolation to shortcircuit the hydraulic characteristics of most of the soil matrix. These pipes have been observed in the Bukit Timah soils (Sherlock et al., 1995; Sherlock, 1997) and W8S5 soils (e.g. Sinun, 1991; Chappell and Binley, 1992; Chappell et al., 1998 Chappell et al., , 1999a .
Soil pipes approximately 10 cm in diameter were observed in two out of the five soil pits excavated within the Bukit Timah catchment (Sherlock, 1997, p. 60) . More extensive observations of soil piping have been undertaken by the authors in and around the W8S5 catchment in Sabah, Borneo Island. At depth within the soils, typically 0·50 to 0·80 m (B 2 to B 3 horizon) below the ground surface just above the contact with the C-soil horizon, large lateral soil pipes are present. These pipes typically range in size from 0·1 to 0·6 m in diameter and are typically associated with channel head or zero-order basin areas (Bidin, 1995; Sherlock, 1997; Chappell et al., 1999a) . Baillie (1975) similarly found pipes in channel head locations in Ultisols of neighbouring Brunei. At Danum large lateral pipes are also found on planar slopes away from channels. Unlike some pipe systems in temperate UK which have an associated surface subsidence depression along the line of the pipe (see Gilman and Newson, 1980) , there is very little surface expression of these large lateral pipes. In a few hillslope hollow areas which also show the build-up of dark leaf matter, a linear depression marks the course of each pipe. More commonly, small collapse features (10-30 cm in diameter) form at irregular intervals along the course of the lateral pipes. Outlets from these large lateral pipes are present in some channel banks and heads, but also appear on some planar slopes; these are identifiable from the presence of lag gravels at the outlets and visual observation of emerging water during storms. Some of these lateral pipes have been gauged for water-flow and turbidity estimation (Chappell et al., 1999a; Sayer et al., 2004) . The selectively logged Baru catchment lies within 2 km of the W8S5 catchment. Within the Baru, where road cutting close to the steep divides has generated landslides across active channels, large lateral soil pipes have developed within the landslide materials. On the undisturbed slopes, the upslope extent of the lateral pipes (beyond some 5 to 10 m) is poorly defined, as are the critical pathways of the water to these lateral pipes. With careful observation of the surface of the soils in the W8S5 catchment and surrounding areas, many vertical holes, 2 to 3 cm in diameter, can be seen. Many of these holes are the burrows formed by cicada nymphs (cf. O'Green and Busacca, 2001). Sinun (1991) counted the number of 'soil chimneys' above the newly cut cicada burrows on six 20 m 2 plots just outside the W8S5 catchment on three occasions in 1990. His work showed that the burrowing activity was very variable between the plots with an area of some 2 km 2 and at different times of the year (Table V) . The chimneys eventually erode away completely (Sinun, 1991) , but leave the 2-3 cm diameter vertical shafts in the soil surface (for an unknown period of time). The average of 15 soil chimneys per square metre of slope (Table V) means that there is at least this density of vertical shafts on the soil surface. As yet, the precise nature of the connectivity of these vertical biopores and the larger lateral pipes is not known. Some are certainly connected to the lateral pipes, as we have been able to pump water at rates of several litres per second into these vertical pipes/burrows without completely filling them. During storms, some of these vertical shafts serve as outlets for extended pipe systems and maintain 20 cm high 'fountains' of water.
Given that large lateral pipes are extensive with the W8S5 soils and possibly within the Bukit Timah soils also, and must have a good connection with the surface inputs of water (via cicada burrows?) to generate the fast response times observed (Bidin, 1995; Sayer et al., 2004) , then it is not unreasonable to assume that they impact on the direction and magnitude of subsurface flow. The 7200 cm 3 undisturbed cores used for ring permeametry, even if they contain a 2-3 cm vertical pipe, cannot characterize the effective behaviour of the vertical pipes (let alone a large lateral pipe) that extends over tens of metres or even tens of centimetres. This has already been shown by Chappell et al. (1998) working in the same area. They demonstrated that saturated hydraulic conductivity estimated from tests on whole hillslopes containing vertical and lateral pipes can be two orders of magnitude larger than that derived from integrating the results from 7200 cm 3 undisturbed cores. The response of a tensiometer, which samples a soil volume of perhaps 1000 cm 3 , is likely to depend on the proximity of that sampled soil volume to the pipe network. Given the way that the characteristics of natural soil pipe systems are poorly described by small-scale permeametry and tensiometery, then it is not surprising that flow-nets derived from these measurements within piped soils poorly match observed tracer plumes. It may be that the observed difference in tracer migration between the W8S5 and Bukit Timah soils is more related to differences in the vertical and lateral distribution of soil pipes, than to differences in the hydraulic conductivity distributions. New methods of quantifying the effect of pipe networks on the hillslope characteristics such as effective permeability or the response of tensiometers and piezometers are needed to allow observed tracer flumes to be modelled using the intrinsic soil characteristics.
Conclusions
Following the seminal work of Bonell et al. (1984) , the value of using artificial tracers to identify water pathways in tropical soils has been illustrated further, as has the role of tracers in the evaluation of the hydrometric or flow-net approach to subsurface flow calculation (Sherlock et al., 1995; Reichenberger et al., 2002) . Our results would suggest that there is currently insufficient information in the humid tropics to allow simple generalizations about the magnitude and direction of water movement within specific soil groups. Such generalizations (Chappell and Ternan, 1992; Sherlock, 1997; Elsenbeer, 2001 ) are critical for rapid site evaluation as part of environmental impact assessments (EIAs), but need to be based on a much greater set of hillslope experiments than is currently available. The lack of correspondence between observed tracer plumes and hydrometric predictions means that these new hillslope experiments must contain synchronous tracer studies. New ways of properly capturing the effects of small and large soil pipes within simple site characteristics such as 'effective block permeability' (Chappell et al., 1998; Lancaster, 1999) and capillary potential are required urgently.
